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ABSTRACT
The centre of our Galaxy harbours a 4 million solar mass black hole that is unusually quiet: its
present X-ray luminosity is more than 10 orders of magnitude less than its Eddington luminosity.
The observation of iron fluorescence and hard X-ray emission from some of the massive molecular
clouds surrounding the Galactic Centre has been interpreted as an echo of a past 1039 erg s−1 flare.
Alternatively, low-energy cosmic rays propagating inside the clouds might account for the observed
emission, through inverse bremsstrahlung of low energy ions or bremsstrahlung emission of low energy
electrons. Here we report the observation of a clear decay of the hard X-ray emission from the
molecular cloud Sgr B2 during the past 7 years thanks to more than 20 Ms of INTEGRAL exposure.
This confirms the decay previously observed comparing the 6.4 keV line fluxes measured by various
X-ray instruments, but without intercalibration effects. The measured decay time is 8.2 ± 1.7 years,
compatible with the light crossing time of the molecular cloud core . Such a short timescale rules out
inverse bremsstrahlung by cosmic-ray ions as the origin of the X ray emission. We also obtained 2-100
keV broadband X-ray spectra by combining INTEGRAL and XMM-Newton data and compared them
with detailed models of X-ray emission due to irradiation of molecular gas by (i) low-energy cosmic-
ray electrons and (ii) hard X-rays. Both models can reproduce the data equally well, but the time
variability constraints and the huge cosmic ray electron luminosity required to explain the observed
hard X-ray emission strongly favor the scenario in which the diffuse emission of Sgr B2 is scattered
and reprocessed radiation emitted in the past by Sgr A*. The spectral index of the illuminating
power-law source is found to be Γ ∼ 2 and its luminosity 1.5− 5× 1039 erg s−1, depending on the
relative positions of Sgr B2 and Sgr A∗. Using recent parallax measurements that place Sgr B2 in
front of Sgr A∗, we find that the period of intense activity of Sgr A∗ ended between 75 and 155 years
ago.
Subject headings: Galaxy : center, ISM: clouds (Sgr B2), X-ray : ISM
1. INTRODUCTION
The supermassive black hole of 4.3× 106 M⊙
(Ghez et al. 2008; Gillessen et al. 2009) that sits at the
centre of the Galaxy is remarkably quiescent nowadays
with an X-ray luminosity of about 1033−34 ergs−1, more
than 10 orders of magnitude less than its Eddington
luminosity. The brightest X-ray flare recorded so far
reached a level of a few 1035 ergs−1 (Porquet et al.
2008). Active Galactic Nuclei have a relatively low duty
cycle (∼ 10−2, Ho 2008), so that they spend most of the
time in a low luminosity state. It is therefore not ex-
cluded that Sgr A∗ has experienced periods of increased
activity in the past. Looking for evidence of such a past
activity of Sgr A∗, we turn to its surroundings that
would probably carry the scars of such an event.
The central molecular zone or CMZ (Morris & Serabyn
1996), although relatively small in size with a radius of
about 200 pc, contains about 10% of the Galaxy’s molec-
ular mass. It is populated by some of the most massive
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(104 − 106 M⊙) and dense (> 10
5 cm−3) giant molecu-
lar complexes in the Galaxy. Sgr B2 is the densest and
most massive among them with a mass of a few 106M⊙,
and density in its 5 pc core reaching 106 cm−3. It has an
envelope that extends to ∼20 pc with an average density
of ∼ 103 cm−3 (Lis & Goldsmith 1990).
The CMZ is also a source of non-thermal radiation.
ART-P on board GRANAT was the first to detect hard
X-ray emission from the region (Sunyaev et al. 1993).
The ASCA satellite discovered a strong iron Kα fluo-
rescence line at 6.4 keV with a large equivalent width of
1-2 keV from Sgr B2 (Koyama et al. 1996). Chandra has
surveyed the central region of our Galaxy and mapped
the distribution of Fe line emission from the molecular
clouds (Park et al. 2004). Today, thanks to the improved
sensitivity of INTEGRAL/IBIS above 20 keV, the emis-
sion of Sgr B2 was resolved from the rest of the Galactic
Centre (GC) sources (Revnivtsev et al. 2004).
The features seen in Sgr B2 are not unique
among clouds in the CMZ. G0.13–0.13 (also konwn
as G0.11-0.11) displays strong 6.4 keV line emission
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(Yusef-Zadeh et al. 2002), as well as a hard X-ray contin-
uum detected at energies above 50 keV (Be´langer et al.
2006). Sgr C shows Fe Kα line emission (Nakajima et al.
2009), however its associated hard X-ray continuum
cannot be resolved by current instruments because
it lies close to a bright X-ray binary, KS 1741-293
(de Cesare et al. 2007).
The origin of this non-thermal emission is contro-
versial. A likely explanation for the continuum and
the strong Kα line, is Compton scattering and K-
shell photo-ionization of neutral or low-ionized iron
atoms by an intense X-ray radiation field generated
in the GC (Sunyaev et al. 1993; Koyama et al. 1996;
Sunyaev & Churazov 1998). Here, the clouds would act
as X-Ray Reflection Nebulae (XRN). Since there has
been no report of a sufficiently bright X-ray transient
(L ≥ 1037 erg/s) close to Sgr B2 in the last 20 years, it
has been argued that the origin of the emission should
lie in the most central regions and have a luminosity of
at least 1039 erg/s for several years. The most probable
candidate is Sgr A∗. This, however, requires an increase
of more than 6 orders of magnitude compared to its cur-
rent luminosity(Koyama et al. 1996). It has also been
suggested that the Sgr A East supernova remnant in-
teracting with the GC massive molecular clouds could
provide the required luminosity(Fryer et al. 2006).
The propagation of energetic charged particles inside
the molecular clouds has also been invoked as an explana-
tion of the observed X-rays from the region. For instance,
Yusef-Zadeh et al. (2007) suggested that the density of
cosmic rays (CR) is larger in the CMZ than in the rest of
the Galaxy. Their hypothesis is based on several results:
the observation of diffuse low-frequency radio emission
in the central regions (LaRosa et al. 2005), the high es-
timates of the ionization rate compared to the values
obtained in the Galactic disk (Oka et al. 2005), and the
detection of hard interstellar emission from the molecular
clouds at TeV energies (Aharonian et al. 2006).
Two distinct processes can produce hard X-ray contin-
uum and neutral iron line emissions. First, low-energy
cosmic-ray electrons (LECRE), with energies up to a few
hundred keV, diffusing into dense neutral matter will
produce nonthermal bremsstrahlung and collisional K-
shell ionization (Valinia et al. 2000). The presence of
strong non-thermal radio filaments in the vicinity of sev-
eral molecular clouds makes it reasonable to consider the
presence of a large flux of cosmic ray electrons in these
regions, see e.g. G0.13-0.13 (Yusef-Zadeh et al. 2002) or
Sgr C (Yusef-Zadeh et al. 2007). Second, subrelativis-
tic ions propagating in the molecular cloud can radi-
ate through inverse bremsstrahlung in the hard X-ray
domain and create iron Kα vacancies. Knock-on elec-
trons generated by collisions of primary ions with the
gas also contribute significantly to the total emission
(Dogiel et al. 2009). These subrelativistic ions can also
be invoked to explain the putative hot plasma pervading
the GC.
Revnivtsev et al. (2004) have argued that the X-ray
emission from Sgr B2 is difficult to explain by LECREs,
because the large power that cosmic-ray particles would
need to deposit in the molecular gas to account for
the X-ray flux would be comparable to the bolometric
(mostly infrared) luminosity of the complex. They also
put into question the large metallicities implied by the
large equivalent width of the line produced by collisional
K-shell interaction.
To help resolve this ambiguity, Sgr B2 and the other
clouds of the CMZ have been the subject of numerous
observation campaigns. In particular, a deep Chandra
observation revealed that the 6.4 keV line emission is
oriented towards the GC (Murakami et al. 2001). It also
allowed the contribution from individual sources in the
GMC associated with dust condensations (e.g. Sgr B2
North (N) Middle (M) and South(S) to be distinguished
Takagi et al. 2002).
Recently, thanks to the monitoring of the region by
many instruments, time dependent effects have been ob-
served. First, Muno et al. (2007) have detected time
varying diffuse emission in the 4-8 keV range a few ar-
cmin away from Sgr A⋆ comparing Chandra images taken
before and after 2004. Since this region is emitting the
6.4 keV line, it is likely that the varying diffuse emission
can be linked with iron fluorescence, making this cloud
a likely X-ray reflection nebula. More recently, com-
paring recent observations with various X-ray telescopes
(namely Suzaku, XMM-Newton, Chandra), Inui et al.
(2009) were able to show a temporal decrease in the Kα
line emission from Sgr B2, strengthening the reflection
interpretation for this cloud as well.
The hard X-ray continuum carries many clues as re-
gards the origin of the emission: its spectral shape and
its temporal behaviour in particular. With its sensitivity
and with its very long exposures of the Galactic central
region, INTEGRAL can therefore provide invaluable in-
sight into the nature of the hard X-ray emission of the
CMZ. We present here the lightcurve and spectrum of the
Sgr B2 emission taken over 7 years of observations and
show that the Sgr B2 flux has decreased by more than
40% since 2003. We then study the combined XMM-
Newton/INTEGRAL spectrum obtained from observa-
tions prior to 2004 which we use to test LECRE and
XRN models. Finally, we discuss the implications of our
results in relation to the likely nature of the non thermal
emission from the GC molecular clouds.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. IBIS/ISGRI data
Since its launch in October 2002, INTEGRAL
(Winkler et al. 2003) has been performing deep obser-
vations of the Galactic Centre region for more than 1 Ms
every 6 months, first as part of the core programGalactic
Centre Deep Exposure and then with the Galactic Cen-
tre Key Programme. A number of dedicated pointings
as well as Target of Opportunity observations also add
exposure to the GC thanks to the wide field of view of
the main instruments on board INTEGRAL. We have
therefore used all public data available within 13o of the
GC source position, as well as the latest observations
of the Galactic Centre Key Progamme. We applied a
number of selection criteria on the science windows’ (i.e.
individual pointings) quality so as to improve the overall
dataset quality (imposing an exposure larger than 600s
per pointing and rejecting images with bad significance
distribution). This yields a number of 7600 science win-
dows for a total of about 20 Ms of exposure.
The size of the point spread function (PSF) is of funda-
mental importance when determining the contribution of
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Fig. 1.— IBIS/ISGRI significance map of the Galactic central regions in the 20-40 keV energy range. The image was produced combining
all the GC observations. The main sources are indicated by the black crosses. The position of IGR J17475-2822 is compatible with that of
the Sgr B2 molecular cloud.
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Fig. 2.— XMM-Newton/MOS 6.4 keV line flux image of the Sgr
B2 field. The cyan circle gives the best fit position of IGR J17475-
2822 with the associated 90% confidence error on the position. The
white dashed circle shows the 4.5’ wide extraction region used for
the combined spectral analysis.
the various sources in the GC. We therefore focused only
on the IBIS/ISGRI data with its 12’ PSF (Lebrun et al.
2003). We analyzed the whole dataset using the Off-
line Science Analysis (OSA) software version 7.0 with
an improved energy reconstruction taking into account
gain losses during the whole mission. We produced im-
ages of all science windows in 3 energy bands: 20-40
keV, 40-60 keV and 60-100 keV. Individual images were
then mosaicked. A close-up of the Galactic central de-
grees is visible in Fig 1. In order to extract regularly
sampled lightcurves, we divided the observations into 14
periods (2 per year), each corresponding to an observa-
tion window lasting up to one month around September
and March of each year, and we produced the 14 images
of the Galactic Centre spanning from March 2003 up to
September 2009.
Imperfect background and detector uniformity correc-
tions introduce systematics biases and errors in the fi-
nal mosaic images. The large number of bright sources
in the Galactic central region also creates important
systematic effects because of the remaining uncertain-
ties in the IBIS/ISGRI PSF model that is subtracted
from each individual image to remove ghost sidelobes
(Goldwurm et al. 2003). To take into account all these
systematics in the final mosaics, we applied a correction
factor to the variance skymaps to recover a normalized
significance distribution of each image.
To extract count rates of sources in the central degree
where source confusion is large, we have to fit simulta-
neously the fluxes of all of the 11 sources present there.
Since Sgr B2 is in a somewhat less crowded region, it is
sufficient in this case to model the fluxes of just three
point sources (namely 1E 1743.1-2843, IGR J17497-2821
and IGR J17475-2822/Sgr B2) using a gaussian PSF of
width σ=0.1o in a 1◦ wide square region around the po-
sition of Sgr B2.
Since there is a correlation from bin to bin, due to the
correlation technique used to make images with coded
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Fig. 3.— The central degree as seen by IBIS/ISGRI on board INTEGRAL in the 20 to 60 keV energy range. Each row corresponds to a
year from 2003 to 2009. The many sources in the GC display strong time dependence. The green circle shown in the top panel corresponds
to the position of the core region of the Sgr B2 cloud -see the text. The associated hard X-ray source, IGR J17475-2822, shows a clear
decline in flux after the 7 years of monitoring.
mask instruments, we cannot use the errors computed
with the chi-square fit for the source fluxes. We therefore
used the corrected image variance as the error on the
source fluxes, which is a conservative estimate.
The ISGRI camera suffers from efficiency losses with
time. To take these into account, we performed the same
analysis on the calibration observations of the Crab Neb-
ula taken on-axis during each of the 14 observation win-
dows on the GC. We got a lightcurve of the measured
Crab count rate in each energy band showing a clear de-
crease (about 5% during the whole mission in the 20-40
keV energy range), which is well fitted by a linear de-
cay. This provided us a time-dependent correction to
the measured count rates which we applied to the GC
sources. As a verification procedure, we used the Ophi-
uchus cluster as a secondary calibrator. It is visible in all
GC mosaics and is extended with respect to the ISGRI
PSF (Eckert et al. 2008). We extracted its flux in each of
the 14 mosaics and found the resulting lightcurve, after
application of the flux correction, to be compatible with
a constant.
2.2. XMM-Newton data
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Sgr B2 was observed by XMM-Newton for 50 ks in
September 2004 (ObsId: 0203930101). Event files were
cleaned for flaring events and background-subtracted
mosaicked images of the EPIC/MOS instruments have
been produced. The background used for the subtrac-
tion is taken from reference high-latitude observations
obtained in the same observing mode and filter and
includes instrumental as well as cosmic backgrounds
(Carter & Read 2007). Prior to its subtraction, the back-
ground was normalized using the measured flux in the 10-
12 keV energy range. To correct for the exposure and the
vignetting, the mosaicked background-subtracted count
images were divided by their mosaicked exposure maps
which include the vignetting corrections. The adaptative
smoothing tool asmooth was applied to the images.
Images were produced in the 4-6 keV and in the 6.3 -
6.48 keV energy ranges. To remove the continuum from
the 6.4 keV line image, we used the background sub-
tracted 4-6 keV image, renormalized according to the
fitted shape of the overall spectrum in the field of view.
We extracted spectra only from the 2004 observation,
which was taken after the INTEGRAL launch and can
be used for combined spectral fitting. We used a 4.5′
radius extraction region. Because of the large spectral
extraction region radius, we extracted background events
from empty field observations taken in a similar time
frame(Carter & Read 2007).
3. RESULTS
3.1. Time-varying hard X-ray emission from Sgr B2
In the complete mosaic (covering 7 years of data), the
source IGR J17475-2822, associated with Sgr B2, is de-
tected at a confidence level of more than 50 σ; see Fig
1. We left its position free in the multi-source fitting
procedure described in section 2.1 and found it to be
l = 0.67o, b = -0.05o with a 90% confidence radius of
0.7’ (Gros et al. 2003), in perfect agreement with the
Sgr B2 core (M0.66–0.02) position, see the comparison
with the 2004 XMM-Newton image in the Fe Kα band
(figure 2). Nevertheless, the large IBIS PSF encloses a
significant part of the Sgr B2 complex, so that a contri-
bution from neighbouring structures such as M0.74–0.09
cannot be excluded. In particular, the larger and more
diffuse component of the molecular cloud should be con-
tributing to the hard X-ray flux. But its flux should be
diluted because of the extent relative to the PSF size.
If we assume that the envelope diameter is of the order
of 45 pc (Lis & Goldsmith 1990), the expected diameter
at 8 kpc is 20′, significantly larger than the IBIS PSF.
This implies a reconstructed peak flux of about 40% of
its equivalent point source flux (Renaud et al. 2006).
Using the 2004 XMM-Newton/EPIC observation of the
region, we checked that no point source in the field is
bright enough to produce such a strong emission, so that
we can unambiguously associate the hard X-ray source
with diffuse emission from the Sgr B2 cloud. We also
fitted the INTEGRAL source position at different time
periods during the 7 years of observation but found no
significant displacement of the source position.
Looking at INTEGRAL images of the GC we produced
on a year timescale, most of the sources in the Galactic
central degrees show strong variability on shorter time
scales, as was noted by Kuulkers et al. (2007); see Fig
3. One can also note a clear but slow decrease of the
flux of the source compatible with Sgr B2. To properly
quantify this effect, we built a lightcurve of the Sgr B2
flux over the 7 years of INTEGRAL observations. To
do so, we fixed the IGR J17475-2822 source position to
the one obtained in section 3.1 and extracted its count-
rate in each of the 14 time periods using the multi-source
fitting procedure. To correct for the varying instrument
response, we applied the count-rate correction described
in section 2.1. The resulting lightcurve is shown on figure
4. It is the most regularly sampled lightcurve of the non-
thermal emission from this molecular cloud obtained so
far, with a data point every six months. It is also the
only one in the hard X-ray domain. We compare it to
the 6.4 keV measurements of Inui et al. (2009).
The Sgr B2 20-60 keV emission shows indications of
a count rate decrease since 2003, reaching 40% in 2009
compared to the 2003 flux. To estimate the significance
of the effect, we performed an F-test comparing the χ2
of a constant flux fit (χ2 = 40.06 d.o.f. = 13) and a
linearly varying one (χ2 = 15.16 d.o.f. = 12). The vary-
ing flux is preferred at the 4.8σ level over a flat light
curve. The decay time (time to divide the flux by two)
is found to be τ = (4.0 ± 0.8) × 103 days, that is, 8.2
± 1.7 yrs, which is compatible with the light crossing
time of the molecular cloud core and is compatible with
previous expectations (Sunyaev & Churazov 1998). The
amplitude of the variation is consistent with that found
by Inui et al. (2009).
3.2. Broadband spectral analysis
Sgr B2 is a faint object located in a crowded region
containing more than a hundred sources within the IBIS
field. Therefore its spectrum cannot be extracted using
standard OSA spectral routines. We have built mosaics
in 15 energy bands ranging from 18 to 300 keV, grouping
the data in 2 year intervals. We used a fitting procedure
similar to that described in section 2.1 to fit the flux of
Sgr B2 as well as that of neighboring sources and the
background in each energy band. The position of Sgr B2
was fixed to the position fitted in the complete dataset
in the 20-60 keV energy range. We applied the same
procedure to estimate the errors on the flux measurement
to take into account systematic errors due to imperfect
background and source side lobe subtraction.
Because of the evolution of the instrument response
with time, we computed mean ancillary response func-
tions, arf, for each of the 2-year periods using matrices
distributed with the OSA. Applying these to the Crab
Nebula observations, we estimated a systematic uncer-
tainty of ∼ 8%, which we applied to all spectral fits of
the IBIS/ISGRI data.
We performed a broadband fit to the 2004 XMM-
Newton EPIC/MOS and PN and the 2003-2004
IBIS/ISGRI spectra. We followed an approach similar
to that of Ryu et al. (2009) but considered only events
above 3.5 keV to avoid modeling the low energy back-
ground in the GC and did not take into account the
Cosmic X-ray Background (CXB) contribution which is
subtracted by the blank sky events. We therefore used
an APEC model for the hot thermal emission (the so-
called 8 keV plasma) and we modeled the spectrum from
the molecular cloud as the sum of a power law and of
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Fig. 4.— (Black circles) Light curve of the corrected 20-60 keV flux in mcrab of Sgr B2 as measured with IBIS/ISGRI from 2003 to
2009. The light curve of the secondary calibrator (Ophiuchus cluster) obtained in the same conditions is shown for comparison (Light blue
squares). Superimposed (red squares) are the Fe Kα line fluxes obtained by Inui et al. (2009) with ASCA, Chandra, XMM-Newton and
Suzaku observations taken from 1994 to 2006. The hard X-ray flux shows a clear decay of up to 40% of the measured Sgr B2 flux from
2003 to 2009. A chi-square hypothesis test favors a linearly decreasing flux hypothesis over a constant flux at a 4.8σ level, the line shows
the best fit. The 6.4 keV measurements show a similar trend after the year 2000, the flux being apparently constant from 1994 to 2000.
two gaussians for the iron Kα and Kβ lines (respec-
tively at 6.4 and 7.06 keV). All the emission components
were subject to line of sight absorption due to a fore-
ground interstellar column density of ∼ 6× 1022 cm−2
(Sakano et al. 2002). The resulting XSPEC model is
therefore wabs × (apec + gaus + gaus + wabs × pegpw).
The energies of the two iron lines are fixed to 6.4 and
7.06 keV respectively, and we impose the ratio of Fe Kβ
to Kα to be equal to 15% (Murakami et al. 2000). We
obtain a satisfactory fit with a reduced χ2 of 1.19. The
plasma temperature is 5.8 ± 0.3 keV and the power-law
component has a spectral index of 2.07 ± 0.05 and a
2-100 keV unabsorbed flux normalization of 8.4 ± 0.4
×10−11erg cm−2 s−1. The flux of the iron Kα line is
found to be 8.9 ± 0.6 ×10−5 cm−2 s−1 . The intrinsic
absorption is found to be 6.8 ± 0.5 ×1023 cm−2, which is
very large but still lower than estimates of the maximum
column density of the cloud (Protheroe et al. 2008). The
foreground absorption is 6.9 ± 0.5 ×1022 cm−2, consis-
tent with other estimates (Ryu et al. 2009).
In the following, we try to apply detailed emission mod-
els to the Sgr B2 spectrum to constrain the origin of the
emission.
4. ON THE NATURE OF THE HARD X-RAY EMISSION
Our observation of a clear decay of the hard X-ray flux
is consistent with that reported earlier for the 6.4 keV
line emission by Inui et al. (2009) – see Fig 4. We mea-
sure a timescale of 8.2 ± 1.7 yrs for a 40% linear decrease
of the hard flux compared to what was measured in 2003.
The observation of such a rapidly varying flux is very dif-
ficult to explain with cosmic ray particles. Dogiel et al.
(2009) have invoked a population of 100 MeV protons as
a possible origin of the hard X-ray emission from the GC
clouds. But since the relevant Coulomb cooling time,
even in a dense cloud such as Sgr B2, is of the order
of several hundred years, we can exclude the possibility
that such a component makes a significant contribution
to the observed X-ray emission.
High energy (∼ GeV) electrons can also produce hard
X-ray emission through inverse Compton scattering on
the ambient IR emission which is expected to be high
in the Sgr B2 core because of its huge luminosity.
Goicoechea et al. (2004) found a far IR luminosity of
8.5× 106 L⊙ originating mainly from the Sgr B2(M) and
(N) cores. In a radius of 1 pc, this creates a huge
radiation density of 6× 103eV cm−3 in FIR photons.
Leahy & Creighton (1993) show that for a 1/r2 density
profile, the Fe Kα EW can reach about 1 keV for an
optical depth of the order of 1. With column densi-
ties towards the core of the cloud reaching 1024 cm−2
(Protheroe et al. 2008), inverse Compton emission of
high energy electrons in the centre of Sgr B2 might cre-
ate a signal similar to that which we observe. Neverthe-
less we are faced with similar problems: with densities
reaching 105 cm−3 the dominant energy loss mechanism
is bremsstrahlung, but its characteristic timescale is of
the order of 50 yrs.
We are left only with low energy cosmic ray electron
models. In this case, variability of the overall flux is not
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excluded since the energy loss timescale for ionization
losses of ∼ 100 keV electrons is of the order of or less than
1 yr in dense environments of 105 cm−3. We discuss this
possibility in more detail in the next subsection using a
detailed spectral model of the emission.
4.1. A spectral model of LECRE emission
In order to test for a possible LECRE origin of the
6.4 keV line and hard X-ray continuum emission of Sgr
B2, we implemented a model of low energy cosmic ray
electron interactions in dense matter to predict the X-
ray spectrum of their emission and compare it to the Sgr
B2 measured spectrum. We used a steady-state, thick
target model, in which accelerated electrons with given
energy spectra are injected at a constant rate into the
interaction region and produce atomic reactions as they
slow down to energies below the thresholds of the var-
ious reactions (Tatischeff et al. 1998). It includes the
non-thermal X-ray emission from the secondary, knock-
on electrons, which mainly result from ionization of am-
bient H2 molecules and He atoms. The required differ-
ential ionization cross sections are calculated from the
relativistic binary encounter dipole theory (Kim et al.
2000). The continuum emission is due to bremsstrahlung
of both primary and secondary electrons. Calculations
of the bremsstrahlung spectra are based on Strong et al.
(2000). The line emission results from the filling of inner-
shell vacancies produced by both primary and secondary
electrons in ambient atoms. We considered the Kα lines
of C, N, O, Ne and Mg (although they are strongly ab-
sorbed at the GC) and the Kα and Kβ lines from Si, S,
Ar, Ca, Fe and Ni. The electron-induced K-shell ioniza-
tion cross sections are from Quarles semi-empirical for-
mula (Quarles 1976)
The energy spectrum of the fast electrons injected in
the X-ray production region is a power-law, dQ/dt(E) ∝
E−s between Emin and Emax. The minimum energy Emin
is set to 1 keV. The spectral index s and the maxi-
mum energy Emax are free parameters. So is the ambient
medium abundance. The model has therefore 3 free pa-
rameters.
We note that photoelectric absorption of
bremsstrahlung X-rays in the source also con-
tributes to fluorescence line emission. The equiv-
alent width of the fluorescence Fe Kα line can
be estimated from the absorbing hydrogen col-
umn density of the source, NH(source), to be
EW = 0.07× abund× (NH(source)/10
23cm−2) keV.
This approximation is valid for NH(source) < 10
24cm−2
(Leahy & Creighton 1993).
The model has been implemented as an XSPEC table
model and tested on our broadband spectrum of Sgr B2.
We used the following model: wabs × (apec + wabs ×
lecre). To limit the number of free parameters, we
fixed the temperature of the plasma at 6.5 keV and
its metallicity to solar abundances (see Koyama et al.
2007; Ryu et al. 2009). We obtain a satisfactory fit to
the XMM-Newton and ISGRI data with a reduced χ2
of 1.16 (1383 d.o.f.). The CR electron spectral index
is not well constrained but it is found to be hard, with
s ∼ 1.5, compared to typical acceleration processes. The
metallicity of the molecular cloud relative to solar (as
given by Lodders 2003) is A = 3.1 ± 0.2 which is sig-
nificantly less than that estimated by Revnivtsev et al.
(2004), but still too large compared to current measure-
ments. Thanks to the spectral coverage, the fit provides a
constraint on the maximum energy of the electrons such
that Emax = 200±50 keV. This shows that a single pop-
ulation cannot be at the origin of the hard X-ray and TeV
emissions, as has already been by Crocker et al. (2007).
The CR luminosity required to sustain the observed flux
is 8.9± 1.3 × 1039 erg/s. This luminosity requirement is
slightly lower than that estimated by Revnivtsev et al.
(2004) but is still ∼ 30% of the total far infrared lu-
minosity of Sgr B2 (Goicoechea et al. 2004). We stress
that since most of this power is dissipated by electrons
of energy close to Emax the hard X-ray spectrum is
important to constrain this parameter. The molecular
cloud absorption column density is found to be 5.8 ±
0.3 ×1023 cm−2. The maximal column density estimated
by Protheroe et al. (2008) is 12 ×1023 cm−2, suggesting
that the cosmic ray production and interaction would
have to take place deep inside Sgr B2.
Giveon et al. (2002) have measured the GC interstellar
medium metallicity to be twice solar. Similarly, studies
of several red giant and supergiant stars in the GC have
shown that their metallicity is only slightly above solar
(Cunha et al. 2008; Davies et al. 2009). The metallicity
required to reproduce the iron line equivalent width is
therefore too large.
Besides, the huge power input is a strong limitation,
since it is close to the total bolometric luminosity of the
cloud. The decay time is also a strong limitation of this
scenario: the size of the 6.4 keV line emission region as-
sociated with the hard X-ray continuum we measure im-
plies that either the subrelativisitic electron production
is distributed inside the cloud or that a huge number of
them have been produced in a limited region and diffuse
into the cloud. Both solutions are ruled out: the first one
because we should not expect correlated variation of the
electron sources all over the cloud, and the second one
because the time required for electrons to diffuse in a re-
gion as large as that of the diffuse 6.4 keV line emission
is much larger than the measured decay time of the sig-
nal. We can therefore exclude LECRE emission as the
dominant contribution of the iron line and hard X-ray
emission in Sgr B2.
4.2. Hard X-ray reflection from an external distant
source
Given the difficulties outlined above with cosmic-ray
models, it is necessary to turn to the alternative in-
terpretation in terms of X-ray reflection, for which
variability on relatively short timescales is expected
(Sunyaev & Churazov 1998). When the illuminating
source is switched off, the decay of the scattered flux
should occur on a timescale of the light crossing time for
the cloud. The actual location of the illuminating source
has then to be determined. An internal source might
also create such a decrease if it stopped emitting in the
recent past. Nevertheless, Revnivtsev et al. (2004) reject
this possibility due to the relative stability of the mea-
sured Fe Kα flux between 1993 and 2000, which would
imply that the source was still active in the last decade.
Since the column density can reach 1024 cm−2, we might
expect an opacity of about 0.66 – not large enough to
prevent the direct detection of the source during the var-
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ious observations of the molecular cloud in this period.
It is therefore likely that the source is external.
We developed an XRN model assuming a relatively
simple geometry for the cloud. Following the approach
of Murakami et al. (2000), we use a 45 pc diameter cylin-
drical cloud with a symmetry axis parallel to the line of
sight. The primary irradiating X-ray source is supposed
to be located at the side of the cloud, at an angle of 90o
with respect to the line of sight. The region enclosing
the cloud is divided for the numerical simulations into
225×225×113 cubic cells of 0.2 pc on a side.
The density distribution is assumed to be that of
Lis & Goldsmith (1990), with a very high density 5-pc-
wide core surrounded by a more diffuse envelope. The
total mass of the cloud is normalized to be 1.9 106 M⊙,
which is the virial mass of Sgr B2 as recently estimated
by Protheroe et al. (2008).
The probability of scattering of a primary X-ray pho-
ton is calculated from both the coherent (Rayleigh) and
incoherent (Compton) scattering cross sections, taking
into account the 13 most abundant elements in the am-
bient medium (H, He, C, N, O, Ne, Mg, Si, S, Ar,
Ca, Fe and Ni). These cross sections are taken from
the XCOM photon cross sections database (Berger et al.
2009). Above a few keV depending on the composition,
the total scattering cross section is dominated by the in-
coherent process. The energy of the scattered photon is
then given by E′
X
= EXmec
2/(EX +mec
2) (EX being
the energy of the primary photon and me the electron
mass), which is appropriate for a Compton scattering at
90o.
The fluorescent Kα and Kβ lines of Si, S, Ar, Ca, Cr,
Mn, Fe and Ni are considered. We also include the Kα
line of C, N, O, Ne and Mg although these lines are
strongly absorbed in the present case. The K-shell photo-
ionization cross sections are from Verner & Yakovlev
(1995). Photoelectric absorption of both the primary and
secondary X-rays is calculated from the elemental cross
sections of Balucinska-Church & McCammon (1992). It
thus depends on the cloud composition.
The resulting spectra were then implemented in an
XSPEC table model with 3 parameters: the irradiating
source spectral index (which can vary from 1 to 5), the
ambient medium abundance, which can vary from 0.5 to
3 times solar (the solar metallicity is taken from Lodders
(2003)) and the flux normalization.
We used a total model similar to that used in the
previous section: wabs × (apec + xrn). We obtain a
satisfactory fit to the XMM-Newton (2004) and ISGRI
data (2003-2004) with a reduced χ2 of 1.16 (1384 d.o.f.).
The illuminating source power law spectral index is
found to be Γ ∼ 2, the abundance relative to solar
A = 1.3 ± 0.1 and the average luminosity of the illu-
minating source required to sustain the observed flux is
L(1− 100 keV) = 1.1× 1039 (d/100pc)2 erg/s, where d is
the distance of the source to Sgr B2.
As has been noted in previous work, if the illuminating
source were to be at a distance of ∼ 10 pc its luminosity
would have been larger than 1037 erg/s for several years
and it should have been detected in the past decades, but
if the source is farther away the luminosity constraints
leave only Sgr A⋆ as a viable candidate (Koyama et al.
1996; Murakami et al. 2000; Revnivtsev et al. 2004). In
the latter case, Sgr A∗ should also be responsible for
the measured Fe Kα in some other molecular clouds of
the CMZ. The observations of time dependent effects in
other places is therefore very strong evidence of the XRN
nature of the Sgr B2 hard X-ray emission and supports
Sgr A∗ as the origin of the illuminating flux (Ponti et al.
2010).
In a recent analysis of VLBI observations, Reid et al.
(2009) have measured the parallax of the Sgr B2 (M)
and Sgr B2 (N) dust condensates. The authors have es-
timated the Galactocentric radius at R0 = 7.9
+0.8
−0.7 kpc
and the proper motion of Sgr B2 relative to Sgr A⋆ sug-
gests that the former is 130 ± 60 pc closer to us than
the latter. This fact is also suggested by the study of
photoelectric absorption in front of the various molecu-
lar clouds inside the Sgr B complex (Ryu et al. 2009).
In a scenario where intense Sgr A⋆ activity is the origin
of the hard X-rays from the cloud one can date the end
of the high state period to be 100+55
−25 years ago, notably
different from the widely discussed 300 years obtained
assuming the GMC is at the same distance as Sgr A∗
(see e.g. Koyama et al. (1996)).
This geometry is inconsistent with the model we use
which requires orthogonal photon incidence on the cloud.
At 130 pc in front of Sgr A⋆, several effects should modify
the resulting spectrum. First, the mean column density
seen by scattered photons is larger, increasing the absorp-
tion with respect to the orthogonal scenario. Second, the
Compton diffusion cross section is larger for scattering
angles smaller than 90◦ at high energies. The resulting
spectrum should therefore be harder and brighter in the
hard X-ray domain and more attenuated under . 15 keV.
To estimate the effect on the measured spectral parame-
ters, we have performed simple Monte-Carlo simulations
of photon propagation in a spherical uniform cloud. For
clouds mass comparable to that of Sgr B2, we found out
that the differences on the measured spectral index could
be up to 0.2 in the 15-100 keV range for cos θ ranging
from 0 to 0.9 (corresponding to a cloud 190 pc in front of
the GC). The total scattered flux also increases by up to
30% in the 5 to 100 keV band. Therefore, taking into ac-
count uncertainties due to the relative position of SgrB2
and Sgr A⋆, the actual luminosity from the flare should
range between 1.5 and 5 1039 erg/s and its spectral index
should be Γ = 2± 0.2.
5. CONCLUSIONS
INTEGRAL has been regularly monitoring the Galac-
tic Centre for 7 years. Using the complete dataset, we
confirm the result from Revnivtsev et al. (2004) that
IGR J17475-2822 corresponds to hard X-ray (>20 keV)
emission from the Sgr B2 molecular cloud. In partic-
ular, it is in good positional agreement with the very
massive and dense core of the cloud. The larger and
more diffuse component might be contributing but its
flux should be diluted because of its extent relative to
the PSF size. Since the mean density is of the order of
1− 3× 103cm−3, the envelope column density is smaller
by a factor of a few compared to the core column density
(which is close to 1024cm−2), so that the diffuse hard X-
ray contribution has to be much smaller than that of the
core.
The regular monitoring shows that the Sgr B2 20-60
keV emission is fading, with a flux decrease of about 40%
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Fig. 5.— Broadband spectrum of the Sgr B2 molecular cloud fitted with a X-ray nebula spectral model (see text for details)
after 7 years of observations. A test of hypothesis shows
that a linear decay is favored compared to a constant
flux at the 4.8 σ confidence level. The linear decay char-
acteristic timescale is found to be ∼ 8 yrs, comparable
with the light-travel time across the cloud core. This
result is obtained thanks to the very deep exposure ob-
tained by INTEGRAL on the GC regions and does not
suffer from instrument to instrument intercalibration er-
rors. It is consistent with the results obtained comparing
the 6.4 keV fluxes measured by Chandra, XMM-Newton
and Suzaku from 2000 to 2005 (Inui et al. 2009).
Cosmic ray models of the iron line and continuum emis-
sion are put to a test by this fast variability. Inverse
bremsstrahlung emission from subrelativistic ions is ruled
out because of the long cooling timescale of these parti-
cles in the dense environment of the cloud core. Low
energy cosmic ray electrons are not formally ruled out:
the lifetime of ∼ 100 keV electrons in the dense matter
of Sgr B2 is smaller than the measured decay time, so
that if the cosmic-ray injection had ceased with a simi-
lar or smaller timescale, we might obtain a similar flux
decrease. Nevertheless, combining the measured decay
with the large electron injection power required (which
we fitted to be of the order of 1040 erg/s) we can exclude
this scenario as well.
Sgr B2 is therefore most likely a reflection nebula,
as was initially proposed by Sunyaev et al. (1993) and
Koyama et al. (1996). The location of the illuminating
source is yet to be determined unequivocally. As was
already noted by several works, an internal or a nearby
illuminating source should have been detected in the last
decade or so. The most likely explanation is therefore
a period of high state of Sgr A⋆. The observation of
variability of the Fe Kα line in other massive molecu-
lar clouds of the CMZ strongly supports this hypothesis
(Ponti et al. 2010), since several distinct bright illumi-
nating sources active for at least several years would be
required to light all these clouds. They could be illumi-
nated by the same outburst from Sgr A∗.
Using a model based on the approach of
Murakami et al. (2000), we tested this scenario and
found that the illuminating spectrum must be hard
(photon index ∼ 2), which is well in the range of mea-
sured Low Luminosity Active Galactic Nuclei (LLAGN)
spectral indices (Gu & Cao 2009; Pellegrini et al.
2000). Since parallax measurements place Sgr B2 130
± 60 pc in front of Sgr A⋆ (Reid et al. 2009), our
measurement implies a mean luminosity of 2-5 ×1039
erg/s, an increase of more than 5 orders of magnitude
compared to the current one placing it among faint
LLAGNs (Ho 2008; Gu & Cao 2009). At the end of
the outburst the variability of Sgr A∗ is constrained
to be faster than the measured decay rate, which is
comparable to the long term variability observed in
M81∗ (Iyomoto & Makishima 2001; La Parola et al.
2004). The end of the episode of high luminosity in
Sgr A*, which is currently being mirrored by Sgr B2,
occurred about 100 yrs ago, with the intervening period
seeing the output of the central source fall by some
5 orders of magnitude. Assuming that Sgr B2 is at
the same distance that Sgr A⋆, Inui et al. (2009) have
proposed that the luminosity of the latter has been
continuously decreasing with a constant decay time
for 300 years. The new position implies that Sgr A⋆
luminosity had to decrease on a much shorter timescale.
The origin of such large swings in the luminosity of the
supermassive black hole at the centre of our Galaxy is
presently unknown but the subject of intensive on-going
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research.
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